). In cells over-expressing human or various mammalian orthologs of 48 SLC22A24, we showed that steroid conjugates and bile acids were substrates of the transporter.
49
Phylogenetic, genomic, and transcriptomic analyses suggested that SLC22A24 has a specialized role 50 in the kidney and appears to function in the reabsorption of organic anions, and in particular, anionic 51 steroids. Phenome-wide analysis showed that functional variants of SLC22A24 are associated with 52 human disease such as cardiovascular diseases and acne, which have been linked to dysregulated 53 steroid metabolism. Collectively, these functional genomic studies reveal a previously uncharacterized 54 protein involved in steroid homeostasis, opening up new possibilities for SLC22A24 as a 55 pharmacological target for regulating steroid levels.
56

Author Summary
57
Steroid hormones, ranging from sex steroids such as testosterone to glucocorticoids play key roles in 58 human health and disease. Accordingly, the identification of the genes and proteins involved in their 59 synthesis, disposition and elimination has been the subject of numerous genetic studies. We have 60 been intrigued by recent studies demonstrating that genetic variants in or near a gene encoding 61 SLC22A24 are strongly associated with steroid levels. SLC22A24 is an orphan transporter with no 62 known ligands and no known biological functions. In this study, we use cellular and computational 63 methods to show that SLC22A24 transports steroid conjugates, bile acids and other dicarboxylic 64 acids. Based on the direction of association of a common stop codon in SLC22A24 with lower levels was not affected by pH between 5.5 to 8.5 and was not dependent on the presence of Na + ions (S3 264 Fig) . However, uptake of estrone sulfate, as well as other steroid conjugates, was significantly 265 affected by the presence of Cl -ions. Cl --free buffer nearly doubled the uptake of all tested compounds 266 ( Fig 3E) . In addition, we tested trans-stimulation of SLC22A24-mediated uptake by preloading the 267 cells with succinic acid, alpha-ketoglutaric acid, and glutaric acid, which are known to trans-stimulate 268 other organic anion transporters [37] [38] [39] . Among the three, only glutaric acid significantly increased the (Fig 3F) .
272
SLC22A24 is inhibited by anionic compounds from different chemical classes.
273
The goal of the inhibition studies was to confirm that solutes identified in the metabolomic studies Table) . Many sulfate conjugates including sulfate conjugates of steroids inhibited 287 taurocholic acid uptake. Some non-steroidal compounds known to inhibit organic anion transporters 288 also inhibited SLC22A24-mediated taurocholic acid uptake potently (e.g. losartan, rosiglitazone, 289 lesinurad, benzbromarone) or partially (e.g. probenecid, bumetanide, ketoprofen). Three steroid 290 metabolites identified in the GWAS, progesterone, androsterone glucuronide, and etiocholanolone glucuronide inhibited taurocholic acid uptake >50%. Consistent with these results, SNPs in SLC22A24 292 were associated with progesterone, androsterone glucuronide and etiocholanolone glucuronide at 293 genome-wide significance levels (p<5x10 -8 ), whereas associations were weaker for pregnanediol-3-294 glucuronoide (p=2x10 -7 ), which was a weaker inhibitor of SLC22A24-mediated taurocholic acid uptake 295 (Fig 3G) [8]. At a high concentration (1 mM), five of the nine dicarboxylic acids inhibited taurocholic 296 acid uptake by approximately 50% (Fig 3G) . However, UDP-glucuronate and N-acetylasparagine did 297 not inhibit taurocholic acid uptake even at 1 mM.
299
Ten compounds were selected for further IC 50 studies ( 316 and coquerels sifaka), rabbit, and horse. We compared the function of the human SLC22A24 with 317 ortholog representatives from the different branches of the phylogenic tree (Fig 4B) , that of the horse, 318 mouse lemur, and rabbit. We also included the rat Slc22a9/Slc22a24, previously known as Slc22a19 319 and Slc22a9, but most recently assigned the gene name Slc22a24 [44] . All five species (human, 320 horse, mouse lemur, rabbit, and rat) showed significant uptake of estrone sulfate (>2.5 fold) compared 321 to empty vector transfected cells (Fig 4B) . There were substrate specificity differences between the 322 human SLC22A24 and the orthologs of the other species investigated. Notably: (Fig 5A) .
358
Next, we characterized the nonsense variant in SLC22A24, which is associated at genome-wide 359 significance levels with androsterone glucuronide and etiocholanolone glucuronide (Fig 1) . Table) , in addition to kidney and liver (Fig 6A) .
378
SLC22A24 and SLC22A24-551 were found at moderate levels in nine tissues including total brain, 379 liver, skeletal muscle, kidney, pancreas, colon, spleen, testis, and thymus (Fig 6A) . Interestingly, the isoforms of SLC22A24 are detectable in the human kidney, and the transporter has a highly specific 416 expression pattern in the nephron, localized to segment 3 of the proximal tubule. Fourth, the 417 transporter has a common nonsense variant, p.Tyr501Ter (rs11231341), which is found at high allele 418 frequencies in human populations, and is associated with low steroid and steroid conjugate levels 419 (p<5x10 -8 ). Below we discuss each of the major findings in detail.
421
The first major finding of the study is that SLC22A24 is an organic anion transporter (Fig 2 and Fig 3) .
422
The SLC22 family consists of organic ion transport proteins that are selective for molecules based on 423 their charge. In general, family members have been grouped into organic anion, organic cation, and 424 zwitterion transporters. Our first goal in discovering the functional role of SLC22A24 was to determine 425 the charge specificity of the transporter. Based on results the GWAS (Fig 1) and comparative 426 structure modeling (Fig 2) , we hypothesized and validated in our in vitro and cellular metabolomic 427 studies that SLC22A24 preferentially transports organic anions. However, it does not transport a S10 Table) . Though expressed at lower levels, the primary finding that genetic 481 variants in SLC22A24 associate with plasma levels of several metabolites (S1 Table) , as well as steroid sulfate 515 conjugates (S1 Table[ 25]). Although in vitro studies showed that SLC22A24 robustly transports bile 516 acids, scanning across published GWAS did not reveal strong associations with bile acids (S1 Table) .
517
The direction of the association with the reduced function allele provides a viable hypothesis for the 518 physiologic role of the transporter as a reabsorptive transporter in the kidney. SLC22A24 p.Tyr501Ter 519 (rs11231341), which has no transport activity and no protein expression on the plasma membrane 520 (Fig 5) , is associated with lower plasma levels of steroid glucuronides in three independent cohorts 521 and in multiple ethnic groups (Table 1) . Thus, it is reasonable to speculate that individuals harboring 522 p.Tyr501Ter would have reduced plasma steroid glucuronide levels due to their reduced ability to 523 reabsorb these metabolites. Interestingly, we observed that SLC22A24 possesses a PDZ-consensus 524 motif at its COOH-terminal end, which is also present in several known transporters localized to the 525 apical membrane of the renal proximal tubule [73, 74] (S11 Table) . Table) . Overall, the identified phenotypic data consistent with the idea 548 that dysregulation of steroid hormone metabolism contributes to the presentation of acne, blood traits, 549 cardiovascular disease in humans (S12 Table and S13 Table) .
551
In conclusion, these studies represent the first functional characterization of SLC22A24, a transporter 552 in the UST (Unknown Substrate Transporter) region of the genome. The transporter has a unique 553 substrate specificity and our studies suggest that it functions in the reabsorption of steroid glucuronide 554 conjugates in the kidney (Fig 6C) . This work represents an important step in the global effort to 555 functionally characterize the remaining members of the SLC22 family. Table 1 .
557
Materials and Methods
558
595
Clustering of human SLC22A24 and other species orthologs in the SLC22 family. Three 596 phylogenetic trees were constructed. The first consists of the UniProt amino acid sequences for the 597 human SLC22 family members with known substrates, human SLC22 members in the gene cluster 598 between SLC22A8 and SLC22A9 of the human chromosome 11q12.3 (hg19 assembly), and all 599 identified mouse and rat SLC22 members (Fig 2A) . The second and third tree were built focusing on 600 anion transporters. The second tree (Fig 4A) . See S1 Appendix and S2 Appendix for 615 the amino sequences used to create the phylogenetic tree in Fig 2A, Fig 4A and 
713
Experimental condition used in this study was similar to transporter assays published from our 714 group [105, 106] . For pH dependence experiments, HBSS buffer was adjusted to different pHs (5.5, 715 7.4 and 8.5) by adding hydrochloric acid or sodium hydroxide [38] . For chloride dependence study, two 716 different uptake buffer were used: (1) chloride free buffer (125 mM sodium gluconate, 4.8 mM 717 potassium gluconate, 1.2 mM magnesium sulfate, 1.3 mM calcium gluconate, and 5 mM HEPES; 718 adjusted with sodium hydroxide to pH 7.4); or (2) sodium buffer (125 mM sodium chloride, 4.8 mM potassium chloride, 1.3 mM calcium chloride, 1.3 mM magnesium sulfate, and 5 mM HEPES, 720 adjusted with sodium hydroxide to pH 7.4) [105, 107] . For trans-stimulation studies, experimental 721 conditions described from our published methods were used [38] . In brief, the SLC22A24 or EV stable 722 cell lines were pre-incubated with either buffer or 2 mM succinic acid, 2 mM α-keto-glutaric acid or 2 723 mM glutaric acid for 2 hours. Then, the cells were washed twice with HBSS before initiating uptake of 724 the anions (estrone sulfate, estradiol glucuronide, androstenediol glucuronide or taurocholic acid).
726
Kinetic studies of steroid conjugates and bile acid transport by SLC22A24. We characterized 727 the kinetics of the three steroid conjugates and two bile acids by SLC22A24, discovered from the 728 initial screening. We selected SLC22A8 for comparison to SLC22A24 due to the significant 729 accumulation of steroid conjugates by SLC22A8. The kinetic studies were performed following 730 methods developed in our group [38] . In brief, these studies were performed using stable cell lines 731 expressing SLC22A24 (NM_001136506) or SLC22A8 [108] . For the kinetic studies of bile acid, only 732 SLC22A24 expressing cells were used, as bile acids are poor substrates of human SLC22A8 [109] . 
